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electrode, and a second electrode. Laser light is emitted from
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stripe structure of the first portion and W,_,,, is an average
width of a portion having a ridge stripe structure ofthe second
portion.
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1
SEMICONDUCTOR LASER DEVICE

CROSS REFERENCES TO RELATED
APPLICATIONS

The present application is a national stage of International
Application No. PCT/JP2012/050373 filed on Jan. 11, 2012
and claims priority to Japanese Patent Application No. 2011-
007648 filed on Jan. 18, 2011, the disclosure of which is
incorporated herein by reference.

BACKGROUND

The present invention relates to a semiconductor laser
device.

A high-output ultrashort-pulse semiconductor laser device
that is formed of a GaN-based compound semiconductor and
has a light emission wavelength in a 405 nm band is expected,
as a light source of a volume-type optical disk system that is
expected as a next-generation optical disk system following a
Blu-ray optical disk system, a light source necessary in fields
such as a medical field and a bioimaging field, etc. As a
method to generate short-pulse light in the semiconductor
laser device, mainly, three types of methods, that is, gain
switching, self-pulsation, and mode locking are known. The
mode locking is further classified into active mode locking
and passive mode locking. In order to generate a light pulse
based on the active mode locking, it is necessary to configure
an external resonator with the use of a mirror, a lens, etc. and
to further perform radio-frequency (RF) modulation on the
semiconductor laser device. On the other hand, in the passive
mode locking, a light pulse is generated by a simple direct-
current drive by utilizing self-pulsation operation of the semi-
conductor laser device.

In order to cause the semiconductor laser device to perform
the self-pulsation operation, it is necessary to provide a light
emission region and a saturable absorption region in the semi-
conductor laser device. Here, the semiconductor laser devices
are classified, based on an arrangement state of the light
emission region and the saturable absorption region, into a
SAL (Saturable Absorber Layer) type, a WI (Weakly Index
guide) type, etc. in which the light emission region and the
saturable absorption region are arranged in a vertical direc-
tion and a multi-electrode type in which the light emission
region and the saturable absorption region are arranged side
by side in a resonator direction. The multi-electrode-type
semiconductor laser device is known, for example, from
Japanese Unexamined Patent Application Publication Nos.
2004-007002, 2004-188678, and 2008-047692. It is consid-
ered that a GaN-based semiconductor laser device of the
multi-electrode type has a larger saturable absorption effect,
and generates a light pulse with a narrow width, compared to
a SAL-type semiconductor laser device.

As an embodiment of the GaN-based semiconductor laser
device of the multi-electrode type,

a semiconductor laser device including:

(a) a laminate structure in which

a first compound semiconductor layer having a first con-
ductivity type and being formed of a GaN-based compound
semiconductor,

a third compound semiconductor layer formed of a GaN-
based compound semiconductor, the third compound semi-
conductor layer configuring a first light emission region, a
second light emission region, and a saturable absorption
region that is sandwiched by the first light emission region
and the second light emission region, and
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2

a second compound semiconductor layer having a second
conductivity type that is different from the first conductivity
type and being formed of a GaN-based compound semicon-
ductor

are laminated in order;

(b) a strip-like second electrode formed on the second
compound semiconductor layer; and

(c) a first electrode electrically connected to the first com-
pound semiconductor layer, wherein

the laminate structure has a ridge stripe structure,

the second electrode is configured of a first portion, a
second portion, and a third portion, the first portion causing a
forward bias state by applying a direct current to the first
electrode via the first light emission region, the second por-
tion causing the forward bias state by applying a direct current
to the first electrode via the second light emission region, and
the third portion applying an electric field to the saturable
absorption region,

the first portion of the second electrode is separated from
the third portion of the second electrode by a first separation
groove,

the second portion of the second electrode is separated
from the third portion of the second electrode by a second
separation groove, and

laser light is emitted from an end face on a second light
emission region side of the semiconductor laser device is
known.

CITATION LIST
Patent Literature

[Patent Literature 1]: Japanese Unexamined Patent Applica-
tion Publication No. 2004-007002

[Patent Literature 2]: Japanese Unexamined Patent Applica-
tion Publication No. 2004-188678

[Patent Literature 3]: Japanese Unexamined Patent Applica-
tion Publication No. 2008-047692

SUMMARY

In order to cause a GaN-based semiconductor laser device
of'a multi-electrode type to perform pulse operation, a carrier
is injected into a first light emission region and a second light
emission region while applying a reverse bias to a saturable
absorption region. Here, in the above-described semiconduc-
tor laser device, a value of light reflectance r, of an end face on
a first light emission region side is higher than that of light
reflectance r, of the end face on the second light emission
region side. Accordingly, the first light emission region has
higher light intensity compared to the second light emission
region. Therefore, it was found as a result of a study by the
present inventors that, in a linear stripe structure, in a case in
which a region of a third portion is arranged at a center of the
laser device, damage is caused in the region of the third
portion that faces the first portion of the second electrode orin
a region of the saturable absorption region that faces the first
light emission region and an issue is easily caused in long-
term reliability. The foregoing Unexamined Patent Applica-
tion Publications do not refer to such a fact that damage is
caused in a reverse-bias application portion of the second
electrode or in the saturable absorption region.

Accordingly, an objective of the present invention is to
provide a GaN-based semiconductor laser device of a multi-
electrode type that has a configuration and a structure in
which damage is less likely to be caused in the region of the
third portion of the second electrode that faces a second
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portion of the second electrode or in the saturable absorption
region that faces the first light emission region.

A semiconductor laser device according to each of a first
embodiment and a second embodiment of the present inven-
tion for achieving the above-described objective is a semi-
conductor laser diode including:

(a) a laminate structure in which

a first compound semiconductor layer having a first con-
ductivity type and being formed of a GaN-based compound
semiconductor,

a third compound semiconductor layer formed of a GaN-
based compound semiconductor, the third compound semi-
conductor layer configuring a first light emission region, a
second light emission region, and a saturable absorption
region that is sandwiched by the first light emission region
and the second light emission region, and

a second compound semiconductor layer having a second
conductivity type that is different from the first conductivity
type and being formed of a GaN-based compound semicon-
ductor

are laminated in order;

(b) a second electrode formed on the second compound
semiconductor layer; and

(c) a first electrode electrically connected to the first com-
pound semiconductor layer, wherein

the laminate structure has a ridge stripe structure,

the second electrode is configured of a first portion, a
second portion, and a third portion, the first portion causing a
forward bias state by applying a direct current to the first
electrode via the first light emission region, the second por-
tion causing the forward bias state by applying a direct current
to the first electrode via the second light emission region, and
the third portion applying an electric field to the saturable
absorption region,

the first portion of the second electrode is separated from
the third portion of the second electrode by a first separation
groove,

the second portion of the second electrode is separated
from the third portion of the second electrode by a second
separation groove,

laser light is emitted from an end face on a second light

emission region side of the semiconductor laser device.
It is to be noted that such a configuration and such a structure
of'the semiconductor laser device may be referred to as “laser
structure of the semiconductor laser device of the present
invention” in some cases.

Further, in the semiconductor laser device according to the
first embodiment of the present invention,

1<y e/ W ave
is satisfied, and preferably,
L<Ws y/ Wi ayes45

may be satisfied, where W, is an average width of a por-
tion having the ridge stripe structure of the first portion of the
second electrode and W,_, , is an average width of a portion
having the ridge stripe structure of the second portion of the
second electrode.

Further, in the semiconductor laser device according to the
second embodiment of the present invention,

D,./D.<1
is satisfied, and preferably,
0.4=D, /D <1

may be satisfied, where D, is a distance, along an axial line of
the semiconductor laser device, from an end face on a first
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4

light emission region side to a center of the semiconductor
laser device, and D, is a distance, along the axial line of the
semiconductor laser device, from the end face on the first light
emission region side to a center of the saturable absorption
region.

As aresult of the study by the present inventors, occurrence
of' damage was often found in the region (hereinafter, may be
referred to as “first region of the third portion” in some cases)
of the third portion that faces the first portion of the second
electrode or in a boundary region (hereinafter, may be
referred to as “first region of the saturable absorption region”
in some cases) of the first light emission region and the
saturable absorption region. In the semiconductor laser
device according to the first embodiment of the present inven-
tion, 1<W,_, /W is satisfied, and in the semiconductor
laser device according to the second embodiment of the
present invention, D_ /D _<1 is satisfied. Accordingly, occur-
rence of a phenomenon that light intensity of the first region
of' the saturable absorption region becomes excessively high
is suppressed, and therefore, damage is less likely to be
caused in the first region of the saturable absorption region.
Also, an electric field is less likely to be concentrated on the
first region of the third portion, and therefore, damage is less
likely to be caused in the third portion of the second electrode.

Additional features and advantages are described herein,
and will be apparent from the following Detailed Description
and the figures.

l-ave

BRIEF DESCRIPTION OF THE FIGURES

[FIG. 1] Parts (A) and (B) of FIG. 1 are each a schematic
plan view of a semiconductor laser device of Example 1.

[FIG. 2] Parts (A) and (B) of FIG. 2 are each a schematic
plan view of a modification of the semiconductor laser device
of Example 1.

[FIG. 3] FIG. 3 is a schematic end-face view (a schematic
end-face view taken when the semiconductor laser device is
cut in an XZ plane) of the semiconductor laser device of
Example 1 along a direction in which a resonator extends.

[FIG. 4] FIG. 4 is a schematic cross-sectional view (a
schematic cross-sectional view taken when the semiconduc-
tor laser device is cut in a YZ plane) of the semiconductor
laser device of Example 1 along a direction orthogonal to the
direction in which the resonator extends.

[FIG. 5] FIG. 5 is a model diagram of the semiconductor
laser device for describing light intensity of Example 1 or
light intensity in a position of each portion inside the semi-
conductor laser device of Example 1.

[FIG. 6] Part (A) of FIG. 6 is a graph illustrating a relation-
ship between a value of each of light intensity (IL.,+II.,) and
light intensity (IL;+IL4) and a value of x in the semiconductor
laser device of Example 1. Part (B) of FIG. 6 is a graph
illustrating a relationship between o and light intensity in the
first light emission region and a relationship between o and
light intensity in the second light emission region.

[FIG. 7] FIG. 7 is a schematic end-face view (a schematic
end-face view taken when the semiconductor laser device is
cut in an XZ plane) of a semiconductor laser device of
Example 2 along a direction in which a resonator extends.

[FIG. 8] FIG. 8 is a graph illustrating a relationship
between a value of each of the light intensity (IL,+IL,) and
the light intensity (IL;+IL,) and a value of x in the semicon-
ductor laser device of Example 2.

[FIG. 9] Parts (A) and (B) of FIG. 9 are each a diagram
schematically illustrating a semiconductor laser device
assembly in which an external resonator is configured with
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the use of the semiconductor laser device of the present inven-
tion and performs mode-locking operation.

[FIG. 10] Parts (A) and (B) of FIG. 10 are each a schematic
partial cross-sectional view of a substrate etc. for describing a
method of manufacturing the semiconductor laser device of
Example 1.

[FIG. 11] Parts (A) and (B) of FIG. 11 are each a schematic
partial cross-sectional view ofthe substrate etc. for describing
the method of manufacturing the semiconductor laser device
of Example 1, following Part (B) of FIG. 10.

[FIG. 12] FIG. 12 is a schematic partial end-face view of
the substrate etc. for describing the method of manufacturing
the semiconductor laser device of Example 1, following Part
(B) of FIG. 11.

MODES FOR CARRYING OUT THE INVENTION
DETAILED DESCRIPTION

The present invention will be described below based on
Examples with reference to the drawings. However, the
present invention is not limited to Examples and various
numerical values, materials, etc. in Examples are examples. It
is to be noted that the description will be given in the follow-
ing order.

1. Description related to a general semiconductor laser device
according to a first embodiment and a second embodiment of
the present invention

2. Example 1 (a semiconductor laser device according to the
first embodiment of the present invention)

3. Example 2 (a semiconductor laser device according to the
second embodiment of the present invention) and others

Description Related to a General Semiconductor
Laser Device According to a First Embodiment and a
Second Embodiment of Present Invention

In a semiconductor laser device according to a first
embodiment of the present invention including the above-
described preferred form, a form may be adopted in which a
value of W,_,,./W is determined so that

2-ave' l-ave

0.2<I,/,<4.5

is satisfied, and preferably,

1/L=1.0

may be satisfied, where 1, is light intensity of a portion (more
specifically, the first region of the saturable absorption region
that is a boundary region of the first light emission region and
the saturable absorption region) of the saturable absorption
region corresponding to a region (the first region of the third
portion) of the third portion that faces the first portion of the
second electrode, and 1, is light intensity of a portion (more
specifically, a boundary region of the second light emission
region and the saturable absorption region, and hereinafter
may be referred to as “second region of the saturable absorp-
tion region” in some cases) of the saturable absorption region
corresponding to a region (hereinafter, may be referred to as
“second region of the third portion™) of the third portion that
faces the second portion of the second electrode. It is to be
noted that the range of /I, was determined based on various
tests. This is similarly applicable to the following description.

In the semiconductor laser device according to the first
embodiment of the present invention including the above-
described preferred form, a configuration may be adopted in
which

0.2<K,/Kr<4.5
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is satisfied, and preferably,
K/K~1.0
may be satisfied where K, and K, are set as follows.

K =explg(x-Lo-L/2)|+ryexplgx-Lo-L,/2)-2-0- L+
2:Kg{(1-%)Lo-L./2}]

Ko=explg(x-Lo—L,/2)-0 L J+ryexp[g(x-Lo-L,,/2)-
L 42K-g{(1-¥)LoL,./2}]
Further, in this case, it is preferable that a value of an absorp-
tion coefficient o of the saturable absorption region satisfy

0 cm~'<a=5000 cm™,

and may preferably satisfy

500 cm™!=0a=4000 cm™L.

It is to be noted that the range of K, /K, was determined based
on various tests. This is similarly applicable to the following
description.

It is to be noted that g and K are as follows,

g=2x+K(1-x)Lo} =L 1+K)] ™ In[14r 7>
exp(-2-aLg,)}]

K=Ws a0/ W ave

where

L,: adistance from an end face on a first light emission region
side to the end face on the second light emission region side
x: a value (L, /L) obtained by normalizing a distance L,
from the end face on the first light emission region side to a
center of the saturable absorption region by L, 0<x<1

Lsa: a length of the saturable absorption region

r;: light reflectance of the end face on the first light emission
region side

r,: light reflectance of the end face on the second light emis-
sion region side

a: an absorption coefficient of the saturable absorption
region.

In a semiconductor laser device according to a second
embodiment of the present invention including the above-
described preferred form, a form may be adopted in which a
value of D /D, is determined so that

0.2<1,/,<4.5

is satisfied, and preferably,
1/,=1.0

may be satisfied, where I, is the light intensity of the portion
(the first region of the saturable absorption region) of the
saturable absorption region corresponding to the region (the
first region of the third portion) of the third portion that faces
the first portion of the second electrode, and I, is the light
intensity of the portion (the second region of the saturable
absorption region) of the saturable absorption region corre-
sponding to the region (the second region of the third portion)
of'the third portion that faces the second portion of the second
electrode.

In the semiconductor laser device according to the second
embodiment of the present invention including the above-
described preferred form, a configuration may be adopted in
which

0.25K,/K»<4.5

is satisfied, and preferably,

K/K=1.0
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may be satisfied where K, and K, are set as follows.

K =exp[g(x-Lo—L,,/2)|+ryexp[g(x-Lo-L,/2)-2-0 L+
2:g{(1-%)Ly-L../2}]

Ky=exp[g(x Lo=Lo/2)=0 Ly [+r5explg(x-Lo-L.o/2)-
L +2:g{(1-%)Lo~Ly/2}]
Further, in this case, it is preferable that the value of the
absorption coefficient c. of the saturable absorption region
satisfy

0 cm~'<a=5000 cm ™!,
and preferably satisfy
500 em™'=0:=4000 cm™!.

It is to be noted that g is as follows,

&= 2(LoLy )] In[1Ar 75exp(-2-0Ly,)}]

where

L,: the distance from the end face on the first light emission
region side to the end face on the second light emission region
side

x: the value (L, /L)) obtained by normalizing the distance L,
from the end face on the first light emission region side to the
center of the saturable absorption region by L, O0<x<l%

L,,: the length of the saturable absorption region

r,;: the light reflectance of the end face on the first light
emission region side

r,: the light reflectance of the end face on the second light
emission region side

a: the absorption coefficient of the saturable absorption
region.

In the semiconductor laser devices according to the first
embodiment and the second embodiment of the present
invention including the above-described preferred forms and
configurations, a form may be preferably adopted in which a
value of a voltage (reverse bias voltage) V, that is applied to
the third portion of the second electrode is equal to or smaller
than -2 volts (in other words, V, has a negative value and
satisfies |V, |22 volts).

In the semiconductor laser devices (hereinafter, may be
collectively and simply referred to as “semiconductor laser
device of the present invention™) according to the first
embodiment and the second embodiment of the present
invention including the above-described preferred forms and
configurations, it is desirable that an electrical resistance
value between the first portion and the third portion of the
second electrode and an electrical resistance value between
the second portion and the third portion of the second elec-
trode may be 1x10 times or more of an electrical resistance
value between the second electrode and the first electrode,
preferably, 1x10? times or more thereof, and more preferably,
1x10? times or more thereof. Alternatively, it is desirable that
the electrical resistance value between the first portion and the
third portion of the second electrode and the electrical resis-
tance value between the second portion and the third portion
of the second electrode may be 1x10°Q or larger, preferably,
1x10°Q or larger, and more preferably, 1x10*Q or larger.

In such a semiconductor laser device, the electrical resis-
tance value between the first portion and the third portion of
the second electrode and the electrical resistance value
between the second portion and the third portion of the second
electrode may be 1x10 times or more of the electrical resis-
tance value between the second electrode and the first elec-
trode, or may be 1x10°Q or larger. Accordingly, flow of a
leakage current from the first portion to the third portion of the
second electrode, and from the second portion to the third
portion of the second electrode is surely suppressed. In other
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words, the reverse bias voltage V,, that is applied to the
saturable absorption region (carrier non-injection region) is
increased, and therefore, mode-locking operation of a single
mode that has a light pulse having a short time width is
achieved. Such a high electrical resistance value between the
first portion and the third portion of the second electrode and
between the second portion and the third portion of the second
electrode is achieved only by separating the second electrode
into the first portion and the third portion and into the second
portion and the third portion of the second electrode by a first
separation groove and a second separation groove.

Moreover, although this is not limitative, in the semicon-
ductor laser device of the present invention, a form may be
adopted in which

the third compound semiconductor layer has a quantum-
well structure including a well layer and a barrier layer,

a thickness of the well layer is 1 nm or larger and 10 nm or
smaller, and may preferably be 1 nm or larger and 8 nm or
smaller, and

an impurity doping concentration of the barrier layer is
2x10"® cm™ or higher and 1x10?° cm™ or lower, and may
preferably be 1x10'° cm™ or higher and 1x10*° cm™ or
lower.

By determining the thickness of the well layer configuring
the third compound semiconductor layer to be 1 nm or larger
and 10 nm or smaller, and further determining the impurity
doping concentration of the barrier layer configuring the third
compound semiconductor layer to be 2x10*® cm™ or higher
and 1x10?° cm™ or lower, in other words, by reducing the
thickness of the well layer, and further, increasing the carrier
in the third compound semiconductor layer, in such a manner,
an influence of piezo polarization is allowed to be reduced.
Accordingly, a laser light source having a short time width
that is capable of generating a single-peak light pulse having
less sub-pulse component is obtainable. Moreover, mode-
locking drive is allowed to be achieved by the reverse bias
voltage as low as possible, and a light pulse train that is
synchronized with an external signal (an electric signal and an
optical signal) is allowed to be generated. A configuration in
which the impurity with which the barrier layer is doped is
silicon (Si) may be adopted but this is not limitative, and the
impurity may be oxygen (O) other than this.

Alternatively, in the semiconductor laser device of the
present invention, a width of the first separation groove and
the second separation groove that separate the second elec-
trode into the first portion and the third portion and into the
second portion and the third portion of the second electrode
may desirably be 2 pm or larger and 40% or less of a resonator
length of the semiconductor laser device (hereinafter, simply
referred to as “resonator length”), and may preferably be 10
um or larger and 20% or less of the resonator length. The
resonator length may be, for example, 0.6 mm, which is not
limitative.

In the semiconductor laser device of the present invention,
laser light is emitted from the end face (for the sake of con-
venience, referred to as “light emission end face”) on the
second light emission region side.

The semiconductor laser device of the present invention
may have a form of a semiconductor laser device that has a
separate confinement heterostructure (SCH structure) of a
ridge stripe type. Alternatively, the semiconductor laser
device of the present invention may have a form of a semi-
conductor laser device that has a SCH structure of an oblique
ridge stripe type. Further, the semiconductor laser device of
the present invention is caused to perform the self-pulsation
operation and the mode-locking operation by applying a
direct current from the first portion and the second portion of
the second electrode to the first electrode via the first light
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emission region and the second light emission region to cause
a forward bias state, and applying the voltage (reverse bias
voltage) V, between the first electrode and the third portion
of the second electrode to apply an electric field to the satu-
rable absorption region.

In the semiconductor laser device of the present invention,
the second electrode may have a form configured of a palla-
dium (Pd) single layer, a nickel (Ni) single layer, a platinum
(Pt) single layer, a palladium-layer/platinum-layer laminate
structure in which the palladium layer is in contact with the
second compound semiconductor layer, or a palladium-layer/
nickel-layer laminate structure in which the palladium layer
is in contact with the second compound semiconductor layer.
Itis to be noted that, when a lower metal layer is configured of
palladium and an upper metal layer is configured of nickel, a
thickness of the upper metal layer may desirably be 0.1 um or
larger, and may preferably be 0.2 um or larger. Alternatively,
the second electrode may preferably have a configuration
configured of the palladium (Pd) single layer. In this case, the
thickness thereof may desirably be 20 nm or larger, and may
preferably be 50 nm or larger. Alternatively, the second elec-
trode may preferably have a configuration configured of a
palladium (Pd) single layer, a nickel (Ni) single layer, a plati-
num (Pt) single layer, or a laminate structure including a
lower metal layer and an upper metal layer in which the lower
metal layer is in contact with the second compound semicon-
ductor layer (it is to be noted that the lower metal layer is
configured of one type of metal selected from a group con-
sisting of palladium, nickel, and platinum, and the upper
metal layer is configured of metal having an etching rate that
is the same as, the same degree as, or higher than an etching
rate of the lower metal layer upon forming the first separation
groove and the second separation groove in the second elec-
trode in a later-described step (D)). Moreover, an etchant used
upon forming the first separation groove and the second sepa-
ration groove in the second electrode in the later-described
step (D) may desirably be aqua regia, nitric acid, sulfuric acid,
hydrochloric acid, or mixed solution including two or more of
the foregoing acids (specifically, mixed solution of the nitric
acid and the sulfuric acid or mixed solution of the sulfuric
acid and the hydrochloric acid).

In the semiconductor laser device of the present invention,
in the second electrode, the first portion (forward bias appli-
cation portion)/the third portion (reverse bias application por-
tion)/the second portion (forward bias application portion)
are arranged from the end face on the first light emission
region side. However, this configuration is not limitative. A
configuration in which the forward bias application portion/
the reverse bias application portion/the forward bias applica-
tion portion/the reverse bias application portion/the forward
bias application portion are arranged, a configuration in
which the forward bias application portion/the reverse bias
application portion/the forward bias application portion/the
reverse bias application portion/the forward bias application
portion/the reverse bias application portion/the forward bias
application portion are arranged, or the like may be adopted.
In other words, a state may be adopted in which N-number of
light emission regions (carrier injection regions, gain regions)
and (N-1) number of saturable absorption regions (carrier
non-injection regions) are provided and the light emission
regions are arranged to sandwich the saturable absorption
region. In these cases, it is enough that the reverse bias appli-
cation portion which is closest to the end face on the first light
emission region side satisty

0.2<I,/,<45.
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The semiconductor laser device of the present invention
may be manufactured, for example, by the following method,
although the manufacturing method may differ depending on
the configuration and the structure of the semiconductor laser
device to be manufactured. Specifically, the semiconductor
laser device of the present invention may be manufactured
based on a manufacturing method including steps of:

(A) forming, on the substrate, a laminate structure in which
the first compound semiconductor layer that has a first con-
ductivity type and is formed of a GaN-based compound semi-
conductor, the third compound semiconductor layer that is
formed of the GaN-based compound semiconductor, and
configures the first light emission region, the second light
emission region, and the saturable absorption region, and the
second compound semiconductor layer that has a second
conductivity type different from the first conductivity type
and is formed of the GaN-based compound semiconductor
are laminated in order; then

(B) forming the second electrode on the second compound
semiconductor layer; subsequently,

(C) etching part or all of the second compound semiconductor
layer with the use of the second electrode as an etching mask
to form the ridge stripe structure; and then

(D) forming a resist layer for forming the first separation
groove and the second separation groove in the second elec-
trode, and subsequently forming the first separation groove
and the second separation groove in the second electrode by a
wet etching method with the use of the resist layer as a
wet-etching mask, thereby separating the second electrode
into the first portion and the third portion and into the second
portion and the third portion by the first separation groove and
the second separation groove.

Such a manufacturing method is adopted, specifically, part
or all of the second compound semiconductor layer is etched
with the use of the second electrode as the etching mask to
form the ridge stripe structure, in other words, the ridge stripe
structure is formed by a self-alignment scheme with the use of
the patterned second electrode as the etching mask. There-
fore, misalignment between the second electrode and the
ridge stripe structure is not caused. Further, the first separa-
tion groove and the second separation groove may be prefer-
ably formed in the second electrode by the wet etching
method. By thus adopting the wet etching method, unlike the
dry etching method, occurrence of degradation in optical and
electrical characteristics in the second compound semicon-
ductor layer is allowed to be suppressed. Therefore, occur-
rence of degradation in light emission characteristics is
allowed to be surely prevented.

It is to be noted that, although it depends on the configu-
ration and the structure of the semiconductor laser device to
be manufactured, in the step (C), part of the second compound
semiconductor layer in a thickness direction may be etched,
or all of the second compound semiconductor layer in the
thickness direction may be etched. Alternatively, the second
compound semiconductor layer and the third compound
semiconductor layer may be etched in the thickness direction,
or the second compound semiconductor layer, the third com-
pound semiconductor layer, and part of the first compound
semiconductor layer in the thickness direction may be etched.

Moreover, in the step (D), ER,/ER,=1x10 may desirably
be satisfied, and ER /ER | =1x10* may preferably be satisfied
where ER,, and ER, are an etching rate for the second elec-
trode and an etching rate for the laminate structure upon
forming the first separation groove and the second separation
groove in the second electrode, respectively. By causing ER ./
ER; to satisfy such a relationship, the second electrode is
allowed to be surely etched without etching the laminate
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structure (or the laminate structure is etched only slightly
even if the laminate structure is etched).

Moreover, in the semiconductor laser device of the present
invention, the laminate structure may have, specifically, a
configuration configured of an AlGalnN-based compound
semiconductor. Here, more specifically, examples of the
AlGalnN-based compound semiconductor may include GaN,
AlGaN, GalnN, and AlGalnN. Further, the foregoing com-
pound semiconductors may include a boron (B) atom, a thal-
lium (T1) atom, an arsenic (As) atom, a phosphorous (P) atom,
and/or an antimony (Sb) atom as necessary. Further, the third
compound semiconductor layer (active layer) that configures
the light emission region (gain region) and the saturable
absorption region may preferably have a quantum well struc-
ture. Specifically, the third compound semiconductor layer
may have a single quantum well structure (QW structure), or
may have a multiple quantum well structure (MQW struc-
ture). The third compound semiconductor layer (active layer)
that has the quantum well structure has a structure in which
one or more well layers and barrier layers are laminated.
Examples of a combination of (a compound semiconductor
configuring the well layer, a compound semiconductor con-
figuring the barrier layer) may include (In,Ga, ,N, GaN),
(In,Ga;, ,N, In,Ga, ,,N) (y>z), and (In,Ga_,_,N, AlGaN).

Moreover, in the semiconductor laser device of the present
invention, a structure may be adopted in which the second
compound semiconductor layer has a superlattice structure in
which p-type GaN layers and p-type AlGaN layers are alter-
nately laminated and a thickness of the superlattice structure
is 0.7 um or smaller. By adopting a structure such as the
foregoing superlattice structure, a series resistance compo-
nent of the semiconductor laser device is reduced while main-
taining a high refractive index necessary as a cladding layer,
which leads to low operation voltage of the semiconductor
laser device. It is to be noted that a lower limit value of the
thickness of the superlattice structure may be, for example,
0.3 um, which is not limitative. A thickness of the p-type GaN
layer configuring the superlattice structure may be, for
example, from 1 nm to 5 nm both inclusive. A thickness of the
p-type AlGaN layer configuring the superlattice structure
may be, for example, from 1 nm to 5 nm both inclusive. The
total number of layers of the p-type GaN layers and the p-type
AlGaN layers may be, for example, from 60 to 300 both
inclusive. Further, a configuration may be adopted in which a
distance from the third compound semiconductor layer to the
second electrode is 1 pm or smaller, and may preferably be,
0.6 um or smaller. By thus determining the distance from the
third compound semiconductor layer to the second electrode,
the thickness of the p-type second compound semiconductor
layer having high resistance is reduced and reduction in
operation voltage of the semiconductor laser device is
achieved. It is to be noted that a lower limit value of the
distance from the third compound semiconductor layer to the
second electrode may be, for example, 0.3 um, which is not
limitative. Further, a configuration may be adopted in which
the second compound semiconductor layer is doped with Mg
of 1x10*® cm™ or more and an absorption coefficient of the
second compound semiconductor layer with respect to light
having a wavelength of 405 nm from the third compound
semiconductor layer is 50 cm™" or larger. This atomic con-
centration of Mg derives from a material physical property
that exhibits maximum hole concentration at a value of
2x10' cm™ and is a result of a design that causes the maxi-
mum hole concentration, that is, the minimum specific resis-
tance of the second compound semiconductor layer. The
absorption coefficient of the second compound semiconduc-
tor layer is determined in terms of lowering the resistance of
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the semiconductor laser device as much as possible. As a
result, an absorption coefficient of light of the third com-
pound semiconductor layer is generally 50 cm™'. However, in
order to increase this absorption coefficient, the doping
amount of Mg may be intentionally set to concentration of
2x10" ¢cm™ or higher. In this case, an upper limit of the Mg
doping amount by which practical hole concentration is
obtained may be, for example, 8x10'° ¢cm™. Further, the
second compound semiconductor layer may have a configu-
ration in which the second compound semiconductor layer
includes a non-doped compound semiconductor layer and a
p-type compound semiconductor layer from the third com-
pound semiconductor layer side, and a distance from the third
compound semiconductor layer to the p-type compound
semiconductor layer is 1.2x107 m or smaller. By determin-
ing the distance from the third compound semiconductor
layer to the p-type compound semiconductor layer, internal
loss is suppressed in a range in which internal quantum effi-
ciency is not lowered, and thereby, a threshold current density
at which laser oscillation is started is reduced. It is to be noted
that a lower limit value of the distance from the third com-
pound semiconductor layer to the p-type compound semicon-
ductor layer may be, for example, 5x10~® m, which is not
limitative. Further, a configuration may be adopted in which
a laminate insulating film configured of the SiO,/Si laminate
structure may be formed on both side faces of the ridge stripe
structure, and a difference between an effective refractive
index of the ridge stripe structure and an effective refractive
index of the laminate insulating film is from 5x107> to 1x1072
both inclusive. By using such a laminate insulating film,
single fundamental transverse mode is maintained even upon
performing high-output operation over 100 milliwatts. Fur-
ther, the second compound semiconductor layer may have,
for example, a structure in which a non-doped GalnN layer
(p-side light guide layer), a non-doped AlGaN layer (p-side
cladding layer), a Mg-doped AlGaN layer (electron barrier
layer), a superlattice structure (superlattice cladding layer) of
GaN layer (Mg-doped)/AlGaN layer, and a Mg-doped GaN
layer (p-side contact layer) are laminated from the third com-
pound semiconductor layer side. A band gap of a compound
semiconductor that configures the well layer in the third com-
pound semiconductor layer may desirably be 2.4 eV or larger.
Further, a wavelength of laser light emitted from the third
compound semiconductor layer (active layer) may desirably
be from 360 nm to 500 nm both inclusive, and may preferably
be from 400 nm to 410 nm both inclusive. Here, it goes
without saying that the various configurations described
above may be appropriately used in combination.

In the semiconductor laser device of the present invention,
various GaN-based compound semiconductor layers config-
uring the semiconductor laser device are sequentially formed
ona substrate. Here, other than a sapphire substrate, examples
of the substrate may include, a GaAs substrate, a GaN sub-
strate, a SiC substrate, an alumina substrate, a ZnS substrate,
a ZnO substrate, an AIN substrate, a LiMgO substrate, a
LiGaO, substrate, a MgAl,O, substrate, an InP substrate, a Si
substrate, and the foregoing substrates each provided with an
underlayer, a buffer layer, etc. formed on a surface (main
surface) thereof. Mainly, when the GaN-based compound
semiconductor layer is formed on the substrate, the GaN
substrate may be preferred due to its small defect density.
However, it is known that a property of the GaN substrate is
varied as polar/non-polar/semi-polar depending on a growth
face. Further, examples of a method of forming various GaN-
based compound semiconductor layers configuring the semi-
conductor laser device may include an organic metal chemi-
cal vapor deposition method (a MOCVD method, a MOVPE
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method), a molecular beam epitaxy method (MBE method), a
hydride vapor deposition method in which a halogen contrib-
utes to transport or reaction, and the like.

Here, examples of an organic gallium source gas in the
MOCVD method may include trimethylgallium (TMG) gas
and triethylgallium (TEG) gas, and examples of a nitride
source gas may include ammonium gas and hydrazine gas.
Further, upon forming the GaN-based compound semicon-
ductor layer having an n-type conductivity type, for example,
silicon (Si) may be added as an n-type impurity (n-type
dopant). Upon forming the GaN-based compound semicon-
ductor layer having a p-type conductivity type, for example,
magnesium (Mg) may be added as a p-type impurity (p-type
dopant). Further, when aluminum (Al) or indium (In) is
included as a constituent atom of the GaN-based compound
semiconductor layer, trimethylaluminum (TMA) gas may be
used as an Al source and trimethylindium (TMI) gas may be
used as an In source. Further, monosilane gas (SiH, gas) may
be used as a Si source, and cyclopentadienyl magnesium gas,
methylcyclopentadienyl magnesium, or bis cyclopentadienyl
magnesium (Cp,Mg) may be used as a Mg source. Inciden-
tally, examples of the n-type impurity (n-type dopant) other
than Si may include Ge, Se, Sn, C, Te, S, O, Pd, and Po and
examples of the p-type impurity (p-type dopant) other than
Mg may include Zn, Cd, Be, Ca, Ba, C, Hg, and Sr.

When the first conductivity type is the n type, the first
electrode that is electrically connected to the first compound
semiconductor layer having the n-type conductivity type may
desirably have a single-layer configuration or a multi-layer
configuration that includes one or more types of metal
selected from a group consisting of gold (Au), silver (Ag),
palladium (Pd), Al (aluminum), Ti (titanium), tungsten (W),
copper (Cu), zinc (Zn), tin (Sn), and indium (In). Examples
thereof may include Ti/Au, Ti/Al, and Ti/Pt/Au. The first
electrode is electrically connected to the first compound
semiconductor layer. However, this encompasses a form in
which the first electrode is formed on the first compound
semiconductor layer and a form in which the first electrode is
connected to the first compound semiconductor layer through
an electrically-conductive material layer, an electrically-con-
ductive substrate, or the like. The first electrode and the sec-
ond electrode may be formed, for example, by a PVD method
such as a vacuum deposition method and a sputtering method.

A pad electrode may be provided on the first electrode, the
second electrode, and/or the like to establish an electric con-
nection with an external electrode or an external circuit. The
pad electrode may desirably include a single-layer configu-
ration or amulti-layer configuration that includes one or more
types of metal selected from a group consisting of Ti (tita-
nium), aluminum (Al), Pt (platinum), Au (gold), and Ni
(nickel). Alternatively, the pad electrode may have a multi-
layer configuration such as a multi-layer configuration of
Ti/Pt/Au and a multi-layer configuration of Ti/Au.

In the semiconductor laser device of the present invention,
as described above, the reverse bias voltage V, is applied
between the first electrode and the third portion of the second
electrode. However, to the third portion of the second elec-
trode, a pulse current or a pulse voltage that is synchronized
with a pulse current or a pulse voltage applied to the first
portion and the second portion of the second electrode may be
applied, or a direct current bias may be applied. Further, a
form may be adopted in which a current is applied from the
second electrode to the first electrode via the first light emis-
sion region and the second light emission region and an
external electric signal is superimposed from the second elec-
trode on the first electrode via the first light emission region
and the second light emission region. Thus, the laser light is
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allowed to be synchronized with the external electric signal.
Alternatively, a form may be adopted in which an optical
signal enters from an end face of the laminate structure. Also
in such a manner, the laser light is allowed to be synchronized
with the optical signal. Further, in the second compound
semiconductor layer, a non-doped compound semiconductor
layer (for example, a non-doped GalnN layer or a non-doped
AlGaN layer) may be formed between the third compound
semiconductor layer and the electron barrier layer. Further, a
non-doped GalnN layer as a light guide layer may be formed
between the third compound semiconductor layer and the
non-doped compound semiconductor layer. A structure may
be adopted in which a Mg-doped GaN layer (p-side contact
layer) occupies an uppermost layer of the second compound
semiconductor layer.

The semiconductor laser device of the present invention
may be applied, for example to a field such as an optical disk
system, a communication field, an optical information field, a
photoelectron integrated circuit, a field to which non-linear
optical phenomenon is applied, an optical switch, various
analysis fields such as a laser measurement field, an ultra-
high-speed spectroscopy field, a multiphoton excitation spec-
troscopy field, a mass analysis field, a microspectroscopy
field utilizing multiphoton absorption, quantum control in
chemical reaction, a three-dimensional nano-processing
field, various processing fields to which multiphoton absorp-
tion is applied, a medical field, and a bioimaging field.

EXAMPLE 1

Example 1 relates to the semiconductor laser device
according to the first embodiment of the present invention.
FIG. 3 is a schematic end-face view (a schematic end-face
view taken when the semiconductor laser device is cut in an
XZ plane) of the semiconductor laser device of Example 1
along a direction in which a resonator extends. FIG. 4 is a
schematic cross-sectional view (a schematic cross-sectional
view taken when the semiconductor laser deviceis cutinaYZ
plane) of the semiconductor laser device along a direction
orthogonal to the direction in which the resonator extends. It
is to be noted that FIG. 3 is a schematic end-face view taken
along an arrow I-I in FIG. 4, and FIG. 4 is a schematic
cross-sectional view taken along an arrow II-II in FIG. 3.
Further, Parts (A) and (B) of FIG. 1 and Parts (A) and (B) of
FIG. 2 are each a schematic plan view of the semiconductor
laser device of Example 1.

The semiconductor laser device of Example 1 or later-
described Example 2 (hereinafter, may be collectively
referred to as “semiconductor laser device 10 of Example 1
and the like” in some cases) is configured of a multi-elec-
trode-type semiconductor laser device and has the laser struc-
ture of the semiconductor laser device of the present inven-
tion. Specifically, the semiconductor laser device 10 of
Example 1 and the like is a semiconductor laser device
including:

(a) a laminate structure in which

a first compound semiconductor layer 30 having a first
conductivity type (specifically, the n-type conductivity type
in each Example) and being formed of a GaN-based com-
pound semiconductor,

a third compound semiconductor layer (active layer) 40
formed of the GaN-based compound semiconductor, the third
compound semiconductor layer configuring a first light emis-
sion region (gain region) 41 A, a second light emission region
(gainregion) 41B, and a saturable absorption region 42 that is
sandwiched by the first light emission region 41A and the
second light emission region 41B, and
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a second compound semiconductor layer 50 having a sec-
ond conductivity type (specifically, the p-type conductivity
type in each Example) that is different from the first conduc-
tivity type and being formed of the GaN-based compound
semiconductor

are laminated in order;

(b) a second electrode 62 formed on the second compound
semiconductor layer 50; and

(c) a first electrode 61 electrically connected to the first
compound semiconductor layer 30, wherein

the laminate structure has a ridge stripe structure,

the second electrode 62 is configured of a first portion 62A
that causes a forward bias state by applying a direct current to
the first electrode 61 via the first light emission region 41A, a
second portion 62B that causes the forward bias state by
applying a direct current to the first electrode 61 via the
second light emission region 41B, and a third portion 62C that
applies an electric field to the saturable absorption region 42,

the first portion 62 A of the second electrode 62 is separated
from the third portion 62C thereof by a first separation groove
63A,

the second portion 62B of the second electrode 62 is sepa-
rated from the third portion 62C thereof by a second separa-
tion groove 63B, and

laser light is emitted from an end face on a second light
emission region side of the semiconductor laser device.

The laminate structure has a ridge stripe structure 56. Spe-
cifically, the semiconductor laser device 10 of Example 1 and
the like is a semiconductor laser device that has a separate
confinement heterostructure (SCH structure) of a ridge stripe
type. More specifically, the semiconductor laser device 10 is
a GaN-based semiconductor laser device configured of an
index-guide-type AlGalnN developed for a Blu-ray optical
disk system. Specifically, the first compound semiconductor
layer 30, the third compound semiconductor layer 40, and the
second compound semiconductor layer 50 are formed of an
AlGalnN-based compound semiconductor, and more specifi-
cally, those in the semiconductor laser device 10 of Example
1 and the like may have a layer configuration shown in Table
1 below. Here, in Table 1, a compound semiconductor layer
described in lower part is a layer closer to an n-type GaN
substrate 21. A band gap of a compound semiconductor con-
figuring a well layer in the third compound semiconductor
layer 40 is 3.06 eV. The semiconductor laser device 10 of
Example 1 and the like is provided on a (0001) plane of the
n-type GaN substrate 21 and the third compound semicon-
ductor layer 40 has a quantum well structure. The (0001)
plane of the n-type GaN substrate 21 is also called “C plane”
and is a crystal plane having a polarity.

[Table 1]
the second compound semiconductor layer 50

a p-type GaN contact layer (Mg-doped) 55

a p-type GaN (Mg-doped)/AlGaN superlattice cladding
layer 54

a p-type AlGaN electron barrier layer (Mg-doped) 53

a non-doped AlGaN cladding layer 52

a non-doped GalnN light guide layer 51
the third compound semiconductor layer 40

a GalnN quantum well active layer

(well layer: Ga,, o,], osN/barrier layer: Ga, 55In, ,,N)
the first compound semiconductor layer 30

an n-type GaN cladding layer 32

an n-type AlGaN cladding layer 31

here,

awell layer (two layers) 10.5 nm, non-doped

a barrier layer (three layers) 14 nm, non-doped

10

15

20

25

30

35

40

45

50

55

60

65

16

Further, part of the p-type GaN contact layer 55 and the
p-type GaN/AlGaN superlattice cladding layer 54 is removed
by a RIE method, and the ridge stripe structure 56 is formed.
A laminate insulating film 57 configured of SiO,/Si is formed
on both sides of the ridge stripe structure 56. Incidentally, the
Si0, layer is a lower layer and the Si layer is an upper layer.
Here, a difference between an effective refractive index of the
ridge stripe structure 56 and an effective refractive index of
the laminate insulating film 57 is from 5x107> to 1x1072 both
inclusive, and specifically, is 7x107>. Further, the second
electrode (p-side ohmic electrode) 62 is formed on the p-type
GaN contact layer 55 corresponding to a top face of the ridge
stripe structure 56. On the other hand, the first electrode
(n-side ohmic electrode) 61 formed of Ti/Pt/Au is formed on
a rear face of the n-type GaN substrate 21.

In the semiconductor laser device 10 of Example 1 and the
like, by causing, as far as possible, the p-type AlGaN electron
barrier layer 53, the p-type GaN/AlGaN superlattice cladding
layer 54, and the p-type GaN contact layer 55 that are Mg-
doped compound semiconductor layers not to overlap light
density distribution occurred in the third compound semicon-
ductor layer 40 and in the vicinity thereof, internal loss is
suppressed in a range in which internal quantum efficiency is
not lowered. Further, threshold current density at which laser
oscillation is started is thereby reduced. Specifically, a dis-
tance d from the third compound semiconductor layer 40 to
the p-type AlGaN electron barrier layer 53 was setas 0.10 um,
a height of the ridge stripe structure 56 was set as 0.30 um, a
thickness of the second compound semiconductor layer 50
located between the second electrode 62 and the third com-
pound semiconductor layer 40 was set as 0.50 um, and a
thickness of a portion of the p-type GaN/AlGaN superlattice
cladding layer 54 located below the second electrode 62 was
set as 0.40 pm.

In the semiconductor laser device 10 of Example 1 and the
like, the second electrode 62 is separated into the first portion
62A and the second portion 62B for causing a forward bias
state by applying a direct current to the first electrode 61 via
the first light emission region (gain region) 41A and the
second light emission region (gain region) 41B, and the third
portion 62C for applying an electric field to the saturable
absorption region 42 (the third portion 62C for applying the
reverse bias voltage V_, to the saturable absorption region
42), by the first separation groove 63A and the second sepa-
ration groove 63B. Here, an electrical resistance value (may
be referred to as “separation resistance value” in some cases)
between the first portion 62 A and the third portion 62C of'the
second electrode 62 and an electrical resistance value
between the second portion 62B and the third portion 63C of
the second electrode 62 may be 1x10 times or more of an
electrical resistance value between the second electrode 62
and the first electrode 61, and is specifically, 1.5x10° times
thereof. Further, the electrical resistance value (separation
resistance value) between the first portion 62A and the third
portion 62C of the second electrode 62 and the electrical
resistance value between the second portion 62B and the third
portion 62C of the second electrode 62 may be 1x10°Q or
larger, and specifically, 1.5x10*Q.

In the semiconductor laser device 10 of Example 1 and the
like, laser light is emitted from an end face (light emission end
face) on the second light emission region side. On this end
face on the second light emission region side, for example, an
anti-reflective coating layer (AR) or a low reflective coating
layer having reflectance (r,) of 0.5% or lower, preferably,
reflectance of 0.3% or lower may be formed. On the other
hand, on an end face (which is an end face that faces the light
emission end face of the semiconductor laser device 10, and
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is referred to as “light reflection end face” for the sake of
convenience) on the first light emission region side, a high
reflective coating layer (HR) having reflectance (r, ) of 85% or
higher, preferably 95% or higher, is formed. It is to be noted
that these anti-reflective coating layer (AR), low reflective
coating layer, high reflective coating layer, etc. are not illus-
trated. Examples of the anti-reflective coating layer or the low
reflective coating layer may include a laminate structure
including two or more layers selected from a group consisting
of' a titanium oxide layer, a tantalum oxide layer, a zirconium
oxide layer, a silicon oxide layer, and an aluminum oxide
layer.

As described above, the second electrode 62 having a sepa-
ration resistance value of 1x10°Q or larger may be desirably
formed on the second compound semiconductor layer 50. In
the case of a GaN-based semiconductor laser device, unlike
the existing GaAs-based semiconductor laser device, mobil-
ity of the compound semiconductor having a p-type conduc-
tivity type is small. Therefore, without causing the second
compound semiconductor layer 50 having the p-type conduc-
tivity type to have high resistance, by ion implantation or the
like, it is possible, by separating the second electrode 62
formed thereon by the first separation groove 63A and the
second separation groove 63B, to cause the electrical resis-
tance values between the first portion 62A and the third por-
tion 62C of the second electrode 62 and between the second
portion 62B and the third portion 62C of the second electrode
62 to be 10 times or more of the electrical resistance value
between the second electrode 62 and the first electrode 61, or
to cause the electrical resistance values between the first
portion 62A and the third portion 62C of the second electrode
62 and between the second portion 62B and the third portion
62C of the second electrode 62 to be 1x10°Q or larger.

In the semiconductor laser device 10 of Example 1,

1< ane/ Wiave=K

is satisfied, and preferably,

1<y e/ Wi aves45

may be satisfied, where W,_, _ is an average width of a
portion having the ridge stripe structure of the first portion
62A of the second electrode 62, and W,_, . is an average
width of a portion having the ridge stripe structure of the
second portion 62B of the second electrode 62. It is to be
noted that the determination of

LW e/ W _ayes45

is a result obtained by performing various tests and simula-
tions. Further, in the semiconductor laser device 10 of
Example 1, a value of K=W,_,, /W is determined so that

2-ave l-ave

0.2<I,/,<4.5

is satisfied, and preferably,

1/L=1.0

may be satisfied, where I, is light intensity of a portion (a first
region P, of the saturable absorption region) of the saturable
absorption region 42 corresponding to a region (the first
region of the third portion) of the third portion 62C that faces
the first portion 62 A of the second electrode 62, and 1, is light
intensity of a portion (a second region P, of the saturable
absorption region) of the saturable absorption region 42 cor-
responding to a region (the second region of the third portion)
of' the third portion 62C that faces the second portion 62B of
the second electrode 62. More specifically, in Example 1,
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W 0e=5.0 pm

W) e=7.5 pm
K=1.50

were satisfied. Itis to be noted that detailed description will be
given later for a value of K.

Here, in the semiconductor laser device 10 illustrated in the
schematic plan view in Part (A) of FIG. 1, a planar shape of
the first portion 62A of the second electrode 62 is a strip-like
shape having a constant width, a planar shape of the second
portion 62B is also a strip-like shape having a constant width,
and a planar shape of the third portion 62C is also a strip-like
shape having a constant width. A width of the ridge stripe
structure corresponding to the second portion 62B is equal to
awidth of the ridge stripe structure corresponding to the third
portion 62C, and a width of the ridge stripe structure corre-
sponding to the first portion 62A is larger than the width of the
ridge stripe structure corresponding to the third portion 62C.

On the other hand, in the semiconductor laser device 10
illustrated in the schematic plan view in Part (B) of FIG. 1, the
planar shape of the first portion 62A of the second electrode
62 is a strip-like shape having a constant width and the planar
shape of the third portion 62C is also a strip-like shape having
a constant width. However, the planar shape of the second
portion 62B is a tapered shape, and a width thereof is largest
on the light emission end face side, is decreased toward the
third portion 62C, and is smallest at a portion that faces the
third portion 62C. The width of the ridge stripe structure
corresponding to the first portion 62A is equal to the width of
the ridge stripe structure corresponding to the third portion
62C, and the width of the ridge stripe structure corresponding
to a portion of the second portion 62B that faces the third
portion 62C is equal to the width of the ridge stripe structure
corresponding to the third portion 62C.

Moreover, in the semiconductor laser device 10 illustrated
in the schematic plan view in Part (A) of FIG. 2, the planar
shape of the second portion 62B of the second electrode 62 is
a strip-like shape having a constant width and the planar
shape of the third portion 62C is also a strip-like shape having
a constant width. However, the planar shape of the first por-
tion 62A is a tapered shape, and a width thereofis smallest on
the light reflection end face side, is increased toward the third
portion 62C, and is largest at a portion that faces the third
portion 62C. The width of the ridge stripe structure corre-
sponding to the second portion 62B is equal to the width of the
ridge stripe structure corresponding to the third portion 62C,
and the width of the ridge stripe structure corresponding to the
portion of the first portion 62A that faces the third portion 62C
is equal to the width of the ridge stripe structure correspond-
ing to the third portion 62C.

Moreover, in the semiconductor laser device 10 illustrated
in the schematic plan view in Part (B) of FIG. 2, the planar
shape of the third portion 62C is a strip-like shape having a
constant width. However, the planar shape of the second
portion 62B is a tapered shape, and a width thereof is largest
on the light emission end face side, is decreased toward the
third portion 62C, and is smallest at the portion that faces the
third portion 62C. Also, the planar shape of the first portion
62A is a tapered shape, and the width thereof is largest on the
light reflection end face side, is decreased toward the third
portion 62C, and is smallest at the portion that faces the third
portion 62C. The width of the ridge stripe structure corre-
sponding to the portion of the first portion 62A that faces the
third portion 62C is equal to the width of the ridge stripe
structure corresponding to the third portion 62C, and the
width of the ridge stripe structure corresponding to the por-
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tion of the second portion 62B that faces the third portion 62C
is equal to the width of the ridge stripe structure correspond-
ing to the third portion 62C.

Moreover, in the semiconductor laser device 10 according
to Example 1,

0.25K,/Kys4.5
is satisfied, and preferably,
K/K>=1.0
may be satisfied where K, and K, are set as follows.

K =exp[g(x-Lo—L,,/2)|+ryexp[g(x-Lo-L,/2)-2-0 L+
2K-g{(1-%)Lo-L.,/2}]

Ky=exp[g(x Lo=Lyo/2)~0 L[ +75explg (¥ Lo-L.o/2)-
L +2:K-g{(1-%)Lo-L ,/2}]
Further, a value of an absorption coefficient . of the saturable
absorption region 42 satisfies

0 em™!<a=5000 cm ™,

and may preferably satisfy
500 cm™'=0:=4000 cm ™.

Specifically, in Example 1,
@=1000 cm™*

was satisfied.
It is to be noted that g and K are as follows,

g=2{x+K(1-x)Lo}~L ,(1+K)] " In[1/{r 7yexp(-
2oLy}t

K=Ws 0/ Wi ave

where

L,: a distance from an end face on a first light emission region
side to the end face on the second light emission region side
x: a value (L,/L,) obtained by normalizing a distance L,
from the end face on the first light emission region side to a
center of the saturable absorption region 42 by L, 0<x<1
L,,: alength of the saturable absorption region 42

r,: light reflectance of the end face on the first light emission
region side

r,: light reflectance of the end face on the second light emis-
sion region side

a.: an absorption coefficient of the saturable absorption region
42.

Description will be given below of K, and K. In order to
consider a reason of degradation in the semiconductor laser
device, light intensity at a position of each portion inside the
semiconductor laser device is calculated with the use of a
model shown in FIG. 5. Here, light intensity of each portion is
defined as follows. It is to be noted that the same is applied to
Example 2 which will be described later.

lightintensity IL, , ... light intensity of light of the end face
on the first light emission region side that travels toward the
second light emission region

light intensity IL.,., . . . light intensity of light at a boundary
of the first light emission region 41A and the saturable
absorption region 42 that travels toward the second light
emission region

light intensity IL, 5 . . . light intensity of light at a boundary
of the saturable absorption region 42 and the second light
emission region 41B that travels toward the second light
emission region

light intensity 1L, , . . . light intensity of light that has
collided with the end face on the second light emission region
side
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light intensity IL, 5 . . . light intensity of light that is
reflected by the end face on the second light emission region
side and travels toward the first light emission region

light intensity IL, . . . light intensity of light at a boundary
of the second light emission region 41B and the saturable
absorption region 42 that travels toward the first light emis-
sion region

light intensity IL, , . . . light intensity of light at a boundary
of the saturable absorption region 42 and the first light emis-
sion region 41A that travels toward the first light emission
region

light intensity IL, ¢ . . . light intensity of light that has
collided with the end face on the first light emission region
side

light intensity 1L, . . . light intensity of light that is
reflected by the end face on the first light emission region side
and travels again toward the second light emission region

Here, when

light intensity IL,_;=1.00,

the light intensity IL, ,, the light intensity IL, 5, the light
intensity 1L, ,, the light intensity IL, s, the light intensity
IL, 4, the light intensity IL, -, the light intensity IL, g, and the
light intensity 1L, , are expressed as follows. It is to be noted
that the light intensity is calculated where a gain in the second
light emission region 41B is K times (K=W,_,, /W, . )ofa
gain g in the first light emission region 41A.

As described above, when light propagates a distance D,
the light intensity is amplified or attenuated to exp(g-D) in the
first light emission region 41A, to exp(g-K-D) in the second
light emission region 41B, and to exp(-a'D) in the saturable
absorption region 42 where g is the gain in the first light
emission region 41A and g-K is the gain in the second light
emission region 41B. Therefore, the light intensity is as fol-
lows.

IL, ,=1.00

IL, y=exp[g(¥-Lo=Ls/2)]

IL, y=explg(x-Lo—L./2)-L,,]

IL, jexplg(xLo-L/2)~L (+K-g{(1-¥)Lo=L /2 }]

IL, s=ry[explg(x-LoL,/2)-Lo+K g{(1-¥)Lo-L,,/
2}

IL, 6=15[exp[g(x-Lo=L oo/ 2)~00 Lo+ 2 K-g{(1-X)Lo=Ly/
2}

IL =l explg(Lo-Ly/2)-2:00L 42 -K-g {(1-3) Lo
L/2}]

IL, g=r[exp[2-g(x-Lo-L;,/2)-2-0L,+2-K-g{(1-x)Lo-
L,/2}]

IL, o=ryrslexp[2-g(x-Lo-L,,/2)-2-00L+2K-g{(1-x)
0 Lsa’

Here, light intensity of the first region P, of the saturable
absorption region is (IL, ,+IL, ;) and light intensity of the
second region P, of the saturable absorption region is (IL, ;+
1L, ¢). Further, in order to satisfy (IL, ,+IL, )=(L, s+IL, ),
various parameters, specifically, values of K, o, x, g, r;, 15, L,
and L, may be determined and adjusted so that the following
is satisfied.

exp[g(¥-Lo—L./2)]+7s[explg(¥-Lo-Loo/2)- 2Lt
2:K-g{(1-x)L0-L,,/2}]=exp[g(x-Lo-L,,/2)-
L, J+rs[explgx-Lo-L,,/2)-a-L _+2-K-g{(1-x)
Lo-L,./2}]
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Here, the absorption coefficient o of the saturable absorp-
tionregion is a parameter that may be varied due to the reverse
bias voltage V_, that is applied to the saturable absorption
region 42. =0 refers to a state in which light is not absorbed
by the compound semiconductor layer and is not amplified.
The values of g, r, r,, L, and L, are often determined
unambiguously depending on a design spec of the semicon-
ductor laser device. Therefore, K or x may be determined so
that the above-described expression [A] is satisfied. In
Example 1, by determining the value of K, in other words, by
determining the gain g in the first light emission region 41A
and the gain g-K in the second light emission region 41B, and
in Example 2 which will be described later, by determining
the value of x, the above-described expression [A] or a later-
described expression [B] is satisfied.

Further, gain coefficients of the first light emission region
(gain region) 41 A and the second light emission region (gain
region) 41B are expressed as in the above expression based on
an oscillation condition at the time of oscillation,

IL, =IL, .

Here, a value of (IL, ,+IL, ) (illustrated as a curve line
“A”) and a value of (IL, ;+IL, ;) (illustrated as a curve line
“B”) are illustrated in Part (A) of FIG. 6 where

L,=600 pm

L., =30 um

0=1000 cm™"

r,=80%

1,=20%

x=0.5.

In Part (A) of FIG. 6, a lateral axis indicates the value of x and
the vertical axis indicates the light intensity (unit may be any
unit).

Moreover, a relationship (illustrated as a curve line “A”)
between o and the light intensity in the first light emission
region 41 A and a relationship (illustrated as a curve line “B”)
between a and the light intensity in the second light emission
region 41B are illustrated in Part (B) of FIG. 6 where K=1. In
Part (B) of FIG. 6, a lateral axis indicates the value of o and
the vertical axis indicates the light intensity (unit may be any
unit). It is to be noted that x=0.5. As can be seen from Part (B)
of FIG. 6, irrespective of the value of a, the value of the light
intensity of the first light emission region 41A is higher than
the value of the light intensity of the second light emission
region 41B. This is caused by a fact that the light reflectance
r, of the end face on the first light emission region side has a
value higher than that of the light reflectance r,, of the end face
on the second light emission region side.

Various values of (IL, ,+IL, ) and (IL, ;+IL, ) similar to
those shown in Part (A) of FIG. 6 are obtained using the value
of K as a parameter. Here, values shown in Part (A) of FIG. 6
are values of the light intensity at K=1.50 (=K,) when x=0.5.
When K=K,=1.50, the gain g in the first light emission region
41A is equal to the gain g'K in the second light emission
region 41B, and the light intensity [the value of (IL, ,+IL, ;)]
ofthefirstregion P, of the saturable absorption region is equal
to the light intensity [the value of (IL,_;+IL,_5)] of the second
region P, of the saturable absorption region. It is to be noted
that, from Part (A) of FIG. 6, for example, when x=0.3, a
value of (IL, ;+IL, o)/(IL, ,+IL, ;) is 5.21. Further, when
K<K,, for example, when x=0.5 and K=1.0, (IL, ;+IL, s/
(IL, ,+IL, ,)=0.54. On the contrary, when K>K,, for
example, when x=0.5 and K=2.0, (IL, s+IL, c)/(IL, .+
1L, ;)=1.74.

In such a manner, in the semiconductor laser device 10 of
Example 1, the value of K=W,_, /W, .. is determined, in
other words, K=W /W >1 is satisfied. Therefore, the

2-ave' l-ave
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light intensity (IL, ,+IL,. ,) of the first region of the saturable
absorption region is substantially equal to or is equal to the
light intensity (IL, ;+IL, ) of the second region of the satu-
rable absorption region. Therefore, an occurrence of a phe-
nomenon that the light intensity of the first region of the
saturable absorption region becomes excessively high is sup-
pressed, and therefore, damage is less likely to be caused in
the first region of the saturable absorption region. Moreover,
an electric field is less likely to be concentrated on the first
region of the third portion of the second electrode. In other
words, an electric field in the first region of the third portion
is substantially equal to or is equal to an electric field in the
second region of the third portion. Therefore, damage is less
likely to be caused in the third portion of the second electrode.
Moreover, as a result of an electric filed being less likely to be
concentrated on the boundary region of the saturable absorp-
tion region, light density is allowed to be reduced, and there-
fore, damage is less likely to be caused in the boundary region
of the saturable absorption region.

Characteristics that is desired in the second electrode 62
are as follows.

(1) The second electrode has a function of serving as an
etching mask upon etching the second compound semicon-
ductor layer 50.

(2) The second electrode 62 is capable of being wet-etched
without causing degradation in optical or electric character-
istics of the second compound semiconductor layer 50.

(3) The second electrode has a contact specific resistance
value of 107 Q-cm® or smaller when it is formed on the
second compound semiconductor layer 50.

(4) When the second electrode is a laminate structure, a mate-
rial configuring the lower metal layer has a large work func-
tion, has a low contact specific resistance value with respect to
the second compound semiconductor layer 50, and is capable
of being wet-etched.

(5) When the second electrode is a laminate structure, a mate-
rial configuring the upper metal layer has tolerance with
respect to etching at the time of forming the ridge stripe
structure (for example, Cl, gas used in a RIE method), and is
capable of being wet-etched.

In the semiconductor laser device 10 of Example 1 and the
like, the second electrode 62 was configured of a Pd single
layer with a thickness of 0.1 pm.

It is to be noted that a thickness of the p-type GaN/AlGaN
superlattice cladding layer 54 having a superlattice structure
in which p-type GaN layers and p-type AlGaN layers are
alternately laminated is 0.7 um or smaller, specifically, is 0.4
um. A thickness of the p-type GaN layer configuring the
superlattice structure is 2.5 nm. A thickness of the p-type
AlGaN layer configuring the superlattice structure is 2.5 nm.
The total number of layer of the p-type GaN layers and the
p-type AlGaN layers is 160. Further, the distance from the
third compound semiconductor layer 40 to the second elec-
trode 62 is 1 pm or smaller, and specifically, is 0.5 pum.
Further, the p-type AlGaN electron barrier layer 53, the
p-type GaN/AlGaN superlattice cladding layer 54, and the
p-type GaN contact layer 55 that configure the second com-
pound semiconductor layer 50 are doped with Mg of 1x10*°
cm™ or more (specifically, 2x10'® cm™). The absorption
coefficient of the second compound semiconductor layer 50
with respect to light having a wavelength of 405 nm is 50
cm™" or larger, and specifically, is 65 cm™". Further, the sec-
ond compound semiconductor layer 50 includes a non-doped
compound semiconductor layers (the non-doped GalnN light
guide layer 51 and the non-doped AlGaN cladding layer 52)
and the p-type compound semiconductor layer from the third
compound semiconductor layer side. The distance (d) from
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the third compound semiconductor layer 40 to the p-type
compound semiconductor layer (specifically, the p-type
AlGaN electron barrier layer 53) is 1.2x1077 m or smaller,
and specifically, is 100 nm.

Description will be given below of a method of manufac-
turing the semiconductor laser device 10 of Example 1 with
reference to Parts (A) and (B) of FIG. 10, Parts (A) and (B) of
FIG. 11, and FIG. 12. It is to be noted that Parts (A) and (B)
of FIG. 10 and Parts (A) and (B) of FIG. 11 are each a
schematic partial cross-sectional view when the substrate etc.
are cut at the YZ plane, and FIG. 12 is a schematic partial
cross-sectional view when the substrate etc. are cut at the XZ
plane.

[Step-100]

First, on the substrate, specifically, on the (0001) plane of
the n-type GaN substrate 21, a laminate structure is formed in
which the first compound semiconductor layer 30 that has the
first conductivity type (n-type conductivity type) and is
formed of the GaN-based compound semiconductor, the third
compound semiconductor layer (active layer) 40 that config-
ures the light emission regions (gain regions) 41A and 41B
and the saturable absorption region 42 and is configured of the
GaN-based compound semiconductor, and the second com-
pound semiconductor layer 50 that has the second conductiv-
ity type (p-type conductivity type) different from the first
conductivity type and is configured of the GaN-based com-
pound semiconductor are laminated in order (see Part (A) of
FIG. 10).

[Step-110]

Subsequently, the second electrode 62 is formed on the
second compound semiconductor layer 50. Specifically, after
forming a Pd layer 64 on an entire surface by a vacuum
deposition method (see Part (B) of FIG. 10), a resist layer for
etching is formed on the Pd layer 64 by a photolithography
technique. After removing the Pd layer 64 that is not covered
with the etching resist layer with the use of aqua regia, the
etching resist layer is removed. Thus, a structure shown in
Part (A) of FIG. 11 is obtained. It is to be noted that the second
electrode 62 may be formed on the second compound semi-
conductor layer 50 by a lift-off method.

[Step-120]

Subsequently, part or all of the second compound semicon-
ductor layer 50 is etched with the use of the second electrode
62 as an etching mask (specifically, part of the second com-
pound semiconductor layer 50 is etched) to form the ridge
stripe structure 56. Specifically, by a RIE method using Cl,
gas, part of the second compound semiconductor layer 50 is
etched with the use of the second electrode 62 as an etching
mask. Thus, a structure shown in Part (B) of FIG. 11 is
obtained. Since the ridge stripe structure 56 is formed by a
self-alignment scheme with the use of the patterned second
electrode 62 as the etching mask in such a manner, misalign-
ment between the second electrode 62 and the ridge stripe
structure 56 is not caused.

[Step-130]

Subsequently, a resist layer 65 for forming the first sepa-
ration groove 63 A and the second separation grove 63B in the
second electrode 62 is formed (see FIG. 12). It is to be noted
that a referential number 66 indicates an opening provided in
the resist layer 65 in order to form the first separation groove
63 A and the second separation groove 63B. Subsequently, the
first separation groove 63 A and the second separation groove
63B are formed in the second electrode 62 by a wet etching
method with the use of the resist layer 65 as a wet-etching
mask. Thus, the second electrode 62 is separated into the first
portion 62A and the third portion 62C by the first separation
groove 63 A, and the second electrode 62 is separated into the
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second portion 62B and the third portion 62C by the second
separation groove 63B. Specifically, aqua regia is used as an
etchant. The whole is immersed in the aqua regia for about 10
seconds, and thereby, the first separation groove 63A and the
second separation groove 63B are formed in the second elec-
trode 62. Subsequently, the resist layer 65 is removed. Thus,
a structure shown in FIGS. 3 and 4 is obtained. In such a
manner, by adopting the wet etching method, unlike a dry
etching method, degradation is not caused in the optical or
electric characteristics of the second compound semiconduc-
tor layer 50. Therefore, degradation is not caused in the light
emission characteristics of the semiconductor laser device. It
is to be noted that, when the dry etching method is adopted,
internal loss,, of the second compound semiconductor layer
50 may be increased, and therefore, a threshold voltage may
be increased or light output may be lowered. Here,

ERy/ER,~1x10?

is satisfied where ERy, is the etching rate of the second elec-
trode 62 and ER, is the etching rate of the laminate structure.
As described above, since a high etching selection ratio exists
between the second electrode 62 and the second compound
semiconductor layer 50, the second electrode 62 is allowed to
be surely etched without etching the laminate structure (or the
laminate structure may be etched only slightly even if the
laminate structure is etched). It is to be noted that ER/
ER,21x10 may desirably be satisfied, and, BR,/ER,21x10?
may preferably be satisfied.

The second electrode 62 may have a laminate structure
including a lower metal layer formed of palladium (Pd) with
a thickness of 20 nm and an upper metal layer formed of
nickel (N1) with a thickness of 200 nm. Here, upon the wet
etching with the use of the aqua regia, the etching rate of
nickel is about 1.25 times the etching rate of palladium.

[Step-140]

Subsequently, forming of the n-side electrode, cleavage of
the substrate, etc. are performed, and further, packaging is
performed. Thus, the semiconductor laser device 10 is fabri-
cated.

In general, resistance R (Q2) of the semiconductor layer is
expressed as follows with the use of a specific resistance value
p (©'m) of the material configuring the semiconductor layer,
a length X, (m) of the semiconductor layer, a cross-sectional
area S (m®) of the semiconductor layer, carrier density n
(cm™), an electric charge amount e (C), and mobility p (m*/V
second).

R=(p-Xp)/S

=Xo/(n-e-p-5)

The mobility of the p-type GaN-based semiconductor is
smaller by two digits compared to that of the p-type GaAs-
based semiconductor. Therefore, an electrical resistance
value thereof is likely to be high. Therefore, it can be seen
from the foregoing expression that an electrical resistance
value of the semiconductor laser device that has the ridge
stripe structure having a small cross-section is a large value.

As a result of measuring, by a four-terminal method, the
electrical resistance values between the second portion 62A
and the third portion 62B of the second electrode 62 of the
manufactured semiconductor laser device 10, and between
the first portion 62A and the third portion 62C of the second
electrode 62, when the width of the first separation groove
63A and the second separation groove 63B is 20 um, the
electrical resistance values between the first portion 62A and
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the third portion 62C of the second electrode 62 and between
the second portion 62B and the third portion 62C of the
second electrode 62 were 15 kQ. Further, in the manufactured
semiconductor laser device 10, self-pulsation operation was
allowed to be performed by applying a direct current from the
first portion 62A and the second portion 62B of the second
electrode 62 to the first electrode 61 via the first light emission
region 41 A and the second light emission region 41B to cause
the forward bias state, and applying the reverse bias voltage
V,, between the first electrode 61 and the third portion 62C of
the second electrode 62 to apply an electric field to the satu-
rable absorption region 42. In other words, the electrical
resistance values between the first portion 62A and the third
portion 62C of the second electrode 62 and between the
second portion 62B and the third portion 62C of the second
electrode 62 are 10 times or larger of the electrical resistance
value between the second electrode 62 and the first electrode
61, or are 1x10°Q or larger. Accordingly, the flow of the
leakage current from the first portion 62A to the third portion
62C of the second electrode 62 and from the second portion
62B to the third portion 62C of the second electrode 62 is
allowed to be surely suppressed. As a result, the light emis-
sionregions 41 A and 41B are caused to be in the forward bias
state, and further, the saturable absorption region 42 is
allowed to be surely caused to be in the reverse bias state.
Therefore, the single-mode self-pulsation operation was
allowed to be surely caused. In particular, a pulse width of the
light pulse was 15 picoseconds, and pulse peak power esti-
mated from a time average power (150 milliwatts/second,
about 150 picojoules/pulse) was about 10 watts.

EXAMPLE 2

Example 2 relates to the semiconductor laser device
according to the second embodiment of the present invention.
FIG. 7 is a schematic end-face view (a schematic end-face
view taken when the semiconductor laser device is cut in an
XZ plane) of the semiconductor laser device 10 of Example 2
along the direction in which the resonator extends. It is to be
noted that a schematic cross-sectional view (a schematic
cross-sectional view taken when the semiconductor laser
device is cut in a YZ plane) thereof along the direction
orthogonal to the direction in which the resonator extends is
similar to that shown in FIG. 4.

In the semiconductor laser device 10 of Example 2,

D,/D.<1
is satisfied, and preferably,
0.4=D, /D <1

may be satisfied, where D, is a distance, along an axial line of
the semiconductor laser device, from the end face on the first
light emission region side to the center of the semiconductor
laser device and D, , is a distance, along the axial line of the
semiconductor laser device, from the end face on the first light
emission region side to the center of the saturable absorption
region 42. It is to be noted that the determination of

0.4<D,/D,<1

is a result obtained by performing various tests and simula-
tions.

In the semiconductor laser device 10 of Example 2, a value
of D, /D, is determined so that

0.2s1)/,=4.5
is satisfied, and preferably,

1/L=1.0
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may be satisfied, where I, is the light intensity of the portion
of the saturable absorption region 42 corresponding to the
region of the third portion 62C that faces the first portion 62A
of'the second electrode 62, and 1, is the light intensity of the
portion of the saturable absorption region 42 corresponding
to the region of the third portion 62C that faces the second
portion 62B of the second electrode 62.

Further, in the semiconductor laser device 10 according to
Example 2,

0.25K/Ks4.5
is satisfied, and preferably,
K/K>=1.0
may be satisfied where K, and K, are set as follows.

K =explg(x-Lo-L/2)|+ryexplgx-Lo-L,/2)-2-0- L+
2:g{(1-%)Lo~L../2}]

Ko=explg(x-Lo-L/2)-0L, J+ryexp[gx-Lo—L,,/2)-
Lo +2:g{(1-%)Lo~L.,/2}]
Further, in this case, the value of the absorption coefficient o
of the saturable absorption region 42 satisfies

0 cm~'<a=5000 cm™,
and may preferably satisfy
500 em™'=0:=4000 cm™!.
Specifically, also in Example 2,
a=1000 cm™*

was satisfied.
It is to be noted that g is as follows,

= [2(Lo-Le )] In[1/r r5exp(=2-0Ley)}]

where
L,: the distance from the end face on the first light emission
region side to the end face on the second light emission region
side
x: the value (L, /L) obtained by normalizing the distance L,
from the end face on the first light emission region side to the
center of the saturable absorption region 42 by L, 0<x<4
Lsa: the length of the saturable absorption region 42
r,: the light reflectance of the end face on the first light
emission region side
r,: the light reflectance of the end face on the second light
emission region side
a: the absorption coefficient of the saturable absorption
region 42.

Here, when

light intensity IL,_;=1.00,

the light intensity 1L, ,, the light intensity IL, 5, the light
intensity 1L, ,, the light intensity IL, s, the light intensity
1L, ¢, the light intensity IL., -, the light intensity IL., 5, and the
light intensity IL, , are expressed as follows. It is to be noted
that the gain g in the second light emission region 41B is equal
to the gain g in the first light emission region 41A, unlike in
Example 1. Therefore, when light propagates the distance D,
the light is amplified or attenuated to exp(g-D) in the first light
emission region 41A and the second light emission region
41B, and to exp(—a.-D) in the saturable absorption region 42
where g is the gain in the first light emission region 41A and
the second light emission region 41B. Therefore, the light
intensity is as follows.

IL, ;=1.00

1L, y=exp[g(xLo-Lsa/2)]
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IL, yexplgLo-Ly/2)-cLy,)
I, mexplg(L oLy 2)-00L ytg{ (1-0)L oL ,/2} ]
I, s=ry[exple(Lo-L /20 L, +g{(1-0)Lo-L,,/2}]

1L, =15[explg(r Lo=L,o/2)- 0oLy, +2:2{(1-%)Lo-L ./
2}]

IL, 7=1[exp[g(x-Lo=Lo/2)~2 0Ly 2:g{(1-%)Lo=Lyo/
2}]

IL, g=r5[exp[2:g(¥ Lo~ Lo/ 2)-2-arL o+ 2:g{(1-X)L o~
L2}

IL, o=r,r5[exp[2:g(x-Lo-L,,/2)-2-00L+2-g{(1-x)
Lo-Ly,/2}]

Here, light intensity of the first region P, of the saturable
absorption region is (IL, ,+IL, ;) and light intensity of the
second region P, of the saturable absorption region is (IL, ;+
1L, ¢). Further, in order to satisfy (IL, ,+IL, )=(L, s+IL, ),
various parameters, specifically, values of a, X, g, 1y, 15, L,
and L, may be determined and adjusted so that the following
is satisfied.

exp[g¥-Lo=Lso/2) 472 explg (v o=Lsa/2)-2 L+
2:g{(1-%)Lg=L oo/ 2}1=exp|8( Lo-Loo/ D=Ly, ]+

7o explg(rLo=Log/2)- Ly, +2:g{(1-X)LoLoa/2}] [B]

As described above, in Example 2, the expression [B] is
satisfied by determining the value of x.

Further, gain coefficients of the first light emission region
(gain region) 41 A and the second light emission region (gain
region) 41B are expressed as in the above expression based on
an oscillation condition at the time of oscillation,

IL, =1L,

Here, a value of (IL, ,+IL, ;) (illustrated as a curve line
“A”) and a value of (IL, ;+IL, ;) (illustrated as a curve line
“B”) when the value of x is used as a parameter are illustrated
in FIG. 8 where the width of the ridge stripe structure corre-
sponding to the first portion 62A, the second portion 62B, and
the third portion 62C of the second electrode 62 is 1.5 pm, and

L,=600 pm

L, =30 um

0=1000 cm™"

r,=80%

1,=20%.

InFIG. 8, alateral axis indicates the value of x and the vertical
axis indicates the light intensity (unit may be any unit). When
x=0.41, a state of (IL,, ,+IL, )=(IL, 5+IL, ¢) was obtained. It
is to be noted that, as can be seen from FIG. 8, the value of
(IL, s+IL, ¢)/(L, ,+IL, ;) is 2.35 when x=0.3.

As described above, in the semiconductor laser device 10
of Example 2, since D, /D <1 is satisfied, the light intensity
of the first region of the saturable absorption region is sub-
stantially equal to or is equal to the light intensity of the
second region of the saturable absorption region. Therefore,
the occurrence of the phenomenon that the light intensity of
the first region of the saturable absorption region becomes
excessively high is allowed to be suppressed, and therefore,
damage is less likely to be caused in the first region of the
saturable absorption region. Moreover, an electric field is less
likely to be concentrated on the first region of the third portion
of'the second electrode. In other words, an electric field in the
first region of the third portion is substantially equal to or is
equal to an electric field in the second region of the third
portion. Therefore, damage is less likely to be caused in the
third portion of the second electrode. Moreover, as a result of
an electric filed being less likely to be concentrated on the

10

15

25

35

40

45

50

28

boundary region of the saturable absorption region, light den-
sity is reduced, and therefore, damage is less likely to be
caused in the boundary region of the saturable absorption
region.

The present invention has been described above based on
preferred Examples. However, the present invention is not
limited to those Examples. The configurations and structures
of'the semiconductor laser devices described in the Examples
are examples and may be modified as appropriate. Further,
various values have been described in Examples. However,
those are also examples and it goes without saying that those
values are varied, for example, according to variation in spec
of the semiconductor laser device to be used. The configura-
tion and the structure of the semiconductor laser device
described in Example 1 and the configuration and the struc-
ture of the semiconductor laser device described in Example
2 may be used in combination. Further, for example, the
second electrode may be a laminate structure including a
lower metal layer formed of palladium (Pd) with a thickness
0120 nm and an upper metal layer formed of nickel (Ni) with
athickness 0of200 nm. Here, upon the wet etching with the use
of'the aqua regia, the etching rate of nickel is about 1.25 times
of the etching rate of palladium.

In the laser structure of the semiconductor laser device of
the present invention, the distance (L) from the end face on
the first light emission region side to the end face on the
second light emission region side, the length (L,,) of the
saturable absorption region, the light reflectance (r,) of the
end face on the first light emission region side, the light
reflectance (r,) of the end face on the second light emission
region side, the gains in the first light emission region and the
second light emission region, the absorption coefficient (o) of
the saturable absorption region, the value (x=L, /L) obtained
by normalizing the distance L, from the end face on the first
light emission region side to the center of the saturable
absorption region by L, and the value of the ratio
K=W,_,../W,_,.) between the average width W,_, of the
portion having the ridge stripe structure of the first portion of
the second electrode and the average width W,_, . of the
portion having the ridge stripe structure of the second portion
of'the second electrode, preferably, the value of x, the value of
K, orboth the value of x and the value of K may be determined
and adjusted so that 0.2<I[,/1,=4.5 is satisfied, and preferably,
1,/1,=1.0 may be satisfied, where I, is the light intensity ofthe
portion of the saturable absorption region corresponding to
the region of the third portion that faces the first portion of the
second electrode, and 1, is the light intensity of the portion of
the saturable absorption region corresponding to the region of
the third portion that faces the second portion of the second
electrode.

Part (A) of FIG. 9 illustrates a semiconductor laser device
assembly that performs mode-locking operation in which a
light-concentrating-type external resonator is configured
with the use of the semiconductor laser device of the present
invention. In the light-concentrating-type external resonator
shown in Part (A) of FIG. 9, the external resonator is config-
ured of an external mirror and an end face of the semiconduc-
tor laser device provided with a high reflective coating layer
(HR) formed on the saturable absorption region side thereof,
and a light pulse is extracted from the external mirror. An
anti-reflective coating layer (AR) is formed on the end face
(light emission end face) of the semiconductor laser device on
the second light emission region (gain region) side. Mainly, a
bandpass filter is used as an optical filter and is inserted in
order to control an oscillation wavelength of the laser. It is to
be noted that the mode locking is determined by the direct
current that is applied to the first light emission region and the
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second light emission region, and the reverse bias voltage V
that is applied to the saturable absorption region. A repetition
frequency fof a light pulse train is determined by an external
resonator length X' and is expressed as the following expres-
sion. Here, c is the speed of light and n is a refractive index of
a waveguide.

f=c/(2n-X)

Alternatively, Part (B) of FIG. 9 illustrates a modification
of the example in which the external resonator is configured
with the use of the semiconductor laser device of the present
invention. Also in the collimated-type external resonator
shown in Part (B) of FIG. 9, the external resonator is config-
ured of the external mirror and the end face of the semicon-
ductor laser device provided with the high reflective coating
layer (HR) formed on the saturable absorption region side
thereof, and the light pulse is extracted from the external
mirror. The anti-reflective coating layer (AR ) is formed on the
end face (light emission end face) of the semiconductor laser
device on the second light emission region (gain region) side.

In Examples, the semiconductor laser device was provided
on the C plane, that is, the {0001} plane that is a polar plane
of the n-type GaN substrate 21. In such a case, saturable
absorption may be less likely to be controlled electrically in
some cases due to a QCSE effect (quantum-confined Stark
effect) of the inner electric field resulting from piezo polar-
ization and spontaneous polarization in the third compound
semiconductor layer. Specifically, in some cases, it may be
necessary to increase the value of the direct current which is
applied to the first electrode and the value of the reverse bias
voltage which is applied to the saturable absorption region in
order to obtain the self-pulsation operation and the mode-
locking operation, a sub-pulse component accompanying the
main pulse may be occurred, or synchronization between the
external signal and the light pulse may be difficult. In order to
suppress occurrence of such phenomena, the semiconductor
laser device may be provided on a non-polar plane such as an
A plane that is a {11-20} plane, an M plane that is a {1-100}
plane, and a {1-102} plane, or on a semi-polar plane such as
a {11-2n} plane including planes such as a {11-24} plane and
a {11-22} plane, a {10-11} plane, and a {10-12} plane.
Accordingly, even when the piezo polarization and the spon-
taneous polarization occur in the third compound semicon-
ductor layer in the semiconductor laser device, the piezo
polarization does not occur in the thickness direction of the
third compound semiconductor layer, and the piezo polariza-
tion occurs in a direction that is substantially orthogonal to the
thickness direction of the third compound semiconductor
layer. Therefore, adverse influence resulting from the piezo
polarization and the spontaneous polarization is allowed to be
eliminated. It is to be noted that the {11-2n} plane refers to a
non-polar plane that forms an angle of about 40 degrees with
respect to the C plane. Further, when the semiconductor laser
device is provided on the non-polar plane or the semi-polar
plane, the limit (1 nm or larger and 10 nm or smaller) in the
thickness of the well layer and the limit (2x10'® cm™ or
higher and 1x10*° em™ or lower) in the impurity doping
concentration of the barrier layer as described in Example 1
are allowed to be eliminated.

It should be understood that various changes and modifi-
cations to the presently preferred embodiments described
herein will be apparent to those skilled in the art. Such
changes and modifications can be made without departing
from the spirit and scope of the present subject matter and
without diminishing its intended advantages. It is therefore
intended that such changes and modifications be covered by
the appended claims.
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The invention claimed is:

1. A semiconductor laser device comprising:

a laminate structure in which

a first compound semiconductor layer having a first con-
ductivity type and being formed of a GaN-based com-
pound semiconductor,

a third compound semiconductor layer formed of a GaN-
based compound semiconductor, the third compound
semiconductor layer configuring a first light emission
region, a second light emission region, and a saturable
absorption region that is sandwiched by the first light
emission region and the second light emission region,
and

a second compound semiconductor layer having a second
conductivity type that is different from the first conduc-
tivity type and being formed of a GaN-based compound
semiconductor

are laminated in order;

a second electrode formed on the second compound semi-
conductor layer; and

a first electrode electrically connected to the first com-
pound semiconductor layer, wherein

the laminate structure has a ridge stripe structure,

the second electrode is configured of a first portion, a
second portion, and a third portion, the first portion
causing a forward bias state by applying a direct current
to the first electrode via the first light emission region,
the second portion causing the forward bias state by
applying a direct current to the first electrode via the
second light emission region, and the third portion
applying an electric field to the saturable absorption
region,

the first portion of the second electrode is separated from
the third portion of the second electrode by a first sepa-
ration groove,

the second portion of the second electrode is separated
from the third portion of the second electrode by a sec-
ond separation groove,

laser light is emitted from an end face on a second light
emission region side of the semiconductor laser device,

1<W,_,.../ W, ... 1s satisfied such that a light intensity of
the first light emission region is at least substantially
equal to a light intensity of the second light emission
region, where W, .. is an average width of a portion
having the ridge stripe structure of the first portion of the
second electrode and W,_,,, is an average width of a
portion having the ridge stripe structure of the second
portion of the second electrode, and

wherein 0.2<K,/K,=4.5 is satisfied where K| and K, are set
as follows,

K =explg(x-Lo-L/2)|+ryexplgx-Lo-L,/2)-2-0- L+
2:Kg{(1-%)Lo-L./2}]

Ko=explg(x-Lo-L/2)-0L, J+ryexp[gx-Lo—L,,/2)-
oL, +2:Kg{(1-x)Ly-L,,/2}]

It is to be noted that g and K are as follows,

§=L2AxtK (1)L o)=L oo(1+K)] ™ In[1/4r  7yexp(~
2al,)}]

sa.

K=Ws a0/ W ave

where

L,: a distance from an end face on a first light emission
region side to the end face on the second light emission
region side



US 9,048,620 B2

31

x: a value (L., /L) obtained by normalizing a distance [,
from the end face on the first light emission region side
to a center of the saturable absorption region by L,
O<x<1

L,,: a length of the saturable absorption region

r;: light reflectance of the end face on the first light emis-
sion region side

r,: light reflectance of the end face on the second light
emission region side

a: an absorption coefficient of the saturable absorption
region.

2. The semiconductor laser device according to claim 1,

wherein 1<W,_, /W, . =<4.5 is satisfied.

3. The semiconductor laser device according to claim 1,
wherein a value of W, /W, .. is determined to cause
0.2<I,/1,=4.5 to be satisfied where I, is light intensity of a
portion of the saturable absorption region corresponding to a
region of the third portion that faces the first portion of the
second electrode and 1, is light intensity of a portion of the
saturable absorption region corresponding to a region of the
third portion that faces the second portion of the second
electrode.

4. The semiconductor laser device according to claim 1,
wherein a value of the absorption coefficient o of the satu-
rable absorption region satisfies 0 cm™'<a=5000 cm ™.

5. The semiconductor laser device according to claim 1,
wherein a value of a voltage that is applied to the third portion
of the second electrode is equal to or smaller than -2 volts.

6. A semiconductor laser device comprising:

a laminate structure in which

a first compound semiconductor layer having a first con-
ductivity type and being formed of a GaN-based com-
pound semiconductor,

a third compound semiconductor layer formed of a GaN-
based compound semiconductor, the third compound
semiconductor layer configuring a first light emission
region, a second light emission region, and a saturable
absorption region that is sandwiched by the first light
emission region and the second light emission region,
and

a second compound semiconductor layer having a second
conductivity type that is different from the first conduc-
tivity type and being formed of'a GaN-based compound
semiconductor

are laminated in order;

a second electrode formed on the second compound semi-
conductor layer; and

a first electrode electrically connected to the first com-
pound semiconductor layer, wherein

the laminate structure has a ridge stripe structure,

the second electrode is configured of a first portion, a
second portion, and a third portion, the first portion
causing a forward bias state by applying a direct current
to the first electrode via the first light emission region,
the second portion causing the forward bias state by
applying a direct current to the first electrode via the
second light emission region, and the third portion
applying an electric field to the saturable absorption
region,

the first portion of the second electrode is separated from
the third portion of the second electrode by a first sepa-
ration groove,
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the second portion of the second electrode is separated
from the third portion of the second electrode by a sec-
ond separation groove,

laser light is emitted from an end face on a second light

emission region side of the semiconductor laser device,
and

D, /D_<1 is satisfied such that a light intensity of the first

light emission region is at least substantially equal to a
light intensity ofthe second light emission region, where
D, is a distance, along an axial line of the semiconductor
laser device, from an end face on a first light emission
region side to a center of the semiconductor laser device
and D,, is a distance, along the axial line of the semi-
conductor laser device, from the end face on the first
light emission region side to a center of the saturable
absorption region.

7. The semiconductor laser device according to claim 6,
wherein 0.4=<D,_ /D <1 is satisfied.

8. The semiconductor laser device according to claim 6,
wherein a value of D,,/D, is determined to cause 0.2<I,/
1,=4.5 to be satisfied where I, is light intensity of a portion of
the saturable absorption region corresponding to a region of
the third portion that faces the first portion of the second
electrode and I, is light intensity of a portion of the saturable
absorption region corresponding to a region of the third por-
tion that faces the second portion of the second electrode.

9. The semiconductor laser device according to claim 6,
wherein 0.2<K /K ,=<4.5 is satisfied where K, and K, are set as
follows,

K =exp[g(x-Lo-L,,/2)]+ryexp[g-Ly-L,,/2)-2-0-L _+
2:g{(1-%)Lo-L,./2}]

Ko=explg(x-Lo-L,,/2)-oL J+ryexplg(x-Lo-L,,/2)-
Lo +2:g{(1-¥)Lo=L /23]

It is to be noted that g is as follows,

= [2(Lo-Le )] In[1/r r5exp(=2-0Ley)}]

where

L,: the distance from the end face on the first light emission
region side to the end face on the second light emission
region side

x: the value (L, /L) obtained by normalizing the distance

L., from the end face on the first light emission region
side to the center of the saturable absorption region by
Lo, O<x<l5

L,,: the length of the saturable absorption region

r,: the light reflectance of the end face on the first light

emission region side

r,: the light reflectance of the end face on the second light

emission region side

a.: the absorption coefficient of the saturable absorption

region.

10. The semiconductor laser device according to claim 9,
wherein a value of the absorption coefficient o of the satu-
rable absorption region satisfies 0 cm™'<a=5000 cm ™.

11. The semiconductor laser device according to claim 6,
wherein a value of a voltage that is applied to the third portion
of'the second electrode is equal to or smaller than -2 volts.
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